Surface Force Apparatus (SFA) allows to accurately resolve the interfacial properties of fluids confined between extended surfaces. The accuracy of the SFA makes it an ubiquitous tool for the nanoscale mechanical characterization of soft matter systems. The SFA traditionally measures force-distance profiles through interferometry with subnanometric distance precision. However, these techniques often require a dedicated and technically demanding experimental setup, and there remains a need for versatile and simple force-distance measurement tools. Here we present a MicroMegascope based dynamic Surface Force Apparatus capable of accurate measurement of the dynamic force profile of a liquid confined between a millimetric sphere and a planar substrate. Normal and shear mechanical impedance is measured within the classical Frequency Modulation framework. We measure rheological and frictional properties from micrometric to molecular confinement. We also highlight the resolution of small interfacial features such as ionic liquid layering. This apparatus shows promise as a versatile force-distance measurement device for exotic surfaces or extreme environments.
Introduction
The Surface force apparatus (SFA) is an invaluable instrument to resolve surface forces in a wide variety of soft matter systems. Indeed, probing the mechanical properties of highly confined soft or fluidic systems is of great interest in the fundamental understanding of many research fields such as nanofluidics [1] , lubrication [2] and energy storage [3] . The classical SFA was originally developed for measuring equilibrium surface forces [4] , and then several design updates included the ability to probe frictional properties [5, 6, 7] . More recently, dynamic SFA highlights the non-contact rheological responses of confined liquids [8] . Classically, a SFA measures the surface interaction across a liquid confined between two extended surfaces. The surface forces are measured by mounting the lower surface on a cantilever spring. The upper surface is mounted on a positional actuator and its displacement induces a confinement change. The force is computed from the stiffness of the spring and the difference between the imposed and actual separation distance [7] . Thus the distance between the two surfaces has to be accurately measured in order to extract the force profile. Several techniques such as interferometric or capacitive measurements were developed in order to reach a subnanometric resolution on the distance measurement [9, 10, 11] . Recently, dynamic SFA enabled hydrodynamic force measurement superimposed to the static response [8] . The deflection of mechanical part along with the imperative need of confinement distance measurement brings experimental complexity and imposes constraints on the surface design and environment. Here, we present a versatile macroscopic tuning fork based apparatus capable of probing the two-dimensional -normal and tangential -mechanical impedance of confined liquid between extended surfaces by dynamic force measurement. The working principle of the force sensor is similar to the MicroMegascope [12] , where the probe is now a millimetric sphere. The mechanical response resulting from the interaction between the sphere immersed in liquid and the substrate is obtained from classical Frequency Modulation signal treatment technique [13] . Such sensor allies high force resolution along with high stiffness. As a consequence the entire setup presents a very high stiffness which allows for reduction of effects due to mechanical instabilities (snap-in, adhesion hysteresis) and ensures that no significant mechanical deformations occur. Therefore the surface separation is imposed and not measured. To illustrate the capabilities of the apparatus, we present two-dimensional dynamic force measurements, which reveals both rheological and frictional properties of the system as the probe-substrate distance is varied. Additionally, we show the resolution of ionic liquid layering for nanometer-size confinement.
Experimental setup
We show in figure 1(a) a schematic representation of the experimental setup. The plane surface is mounted on a fully calibrated piezoscanner (PiezoJena MicroTRI-TOR) which accurately controls the substrate displacement over tens of micrometers with subnanometric precision. The absolute position of the zero distance is defined from the hard contact observed in the friction response, neglecting the surfaces deformation resulting from Hertzian contact, and then the distance change is only due to the piezoscanner expansion as the entire setup is fully rigid. The approach velocity can be controlled in the range 0.01 up to 100 nm.s −1 . The piezoscanner stiffness lies above 10 6 N.m −1 and therefore does not experience any deflection. A glass rod with a spherical end of millimetric radius (R ≈ 1.5 mm) is attached to one prong of a centimetric tuning fork. The liquid is then confined in a sphere-plane geometry as illustrated in figure 1(c). Similarly to the MicroMegascope [12] , the force sensor is a centimetric tuning fork. Here, the prongs of the tuning fork are 10 cm long, 15 mm high and 7.5 mm thick. The device is especially designed to present orthogonal resonance modes as previously performed with quartz tuning fork [14] . N.m −1 ) : it prevents any significant probe deflection (as a 1 uN force would imply a deflection δ < 10 pm) or mechanical instability, and enables one to probe very stiff systems. The minimal force detection for both modes is of the order of 30 and 50 pN/ √ Hz for the shear and normal mode respectively [15] . Finally, the large range of oscillation amplitude achievable by this macroscopic tuning fork, from hundreds of nanometers down to hundreds of picometers, gives the opportunity to explore a wide range of applied strains. In order to dynamically control the normal and shear oscillation, a piezodither (AE050 5D16F from Thorlabs) mechanically excites both oscillation modes of the tuning fork
. A two-axis accelerometer (LIS344ALHTR from STMicroelectronics) monitors the resulting normal and tangential oscillation amplitudes a
where φ is the phase difference between the excitation and the oscillation signal. For each oscillation mode a PLL tracks the resonance frequency (ω) and a PID actively controls the excitation input (F ) to keep the oscillation amplitude constant. The electronic control is performed with a Nanonis controller which possesses its own data treatment software and force spectroscopy module. Such a device enables one to access the mechanical impedance of the probed system
, defined as the ratio between the dynamic force F * and the dynamic oscillation amplitude a * . The apparatus then probes the response of the system under dynamic imposed strain.
The features of the resonance are modified when the probe starts interacting with its environment. The frequency shift (δf ) is directly related to the conservative force response Z in phase with the oscillation :
where K 0 is the mode stiffness and f 0 the bare resonance frequency. Z corresponds to a measure of the elasticity of the probed system. The ratio δf /f 0 reaches ≈ 10% for strong confinement at which point the conservative impedance computation must include the second order terms that are usually neglected in Frequency Modulation analysis [13] . The broadening of the response is a signature of a dissipative loss in the system and relates to the imaginary part of the mechanical impedance Z as :
where Q 0 is the non-interacting quality factor and Q the quality factor while interactions occur. The low intrinsic dissipation, highlighted by quality factor as high as thousands while the probe is immersed in liquid, enables one to explore low-dissipative phenomena.
We show in the following that the apparatus performs quantitative impedance measurement of both long-range hydrodynamic and surface forces. In order to illustrate the capabilities of the apparatus we present the rheological response of silicone oil (Sigma Aldrich, Silicone oil AP 100) confined between a glass sphere and a freshly cleaved Mica substrate. Figure 2 (a) presents the raw data obtained for the normal oscillation mode while varying the confinement distance from several micrometers down to the solid contact. The normal impedance Z * N shown in figure 2(b) is computed from the raw data using the framework detailed in the previous section. While decreasing the separation distance we observe a cross-over from a long-range mainly dissipative regime to a stiffness-dominated regime.
Results

Nanorheology and Nanotribology measurements
A Newtonian fluid confined by infinitely rigid surfaces in a sphere-plane geometry with no-slip boundary condition, presents a purely dissipative mechanical impedance in response to an harmonically driven normal oscillatory strain. Then assuming that the confinement distance follows D R the dissipative impedance reads [8] :
with η the fluid viscosity, R the sphere radius, f 0,N the normal oscillation frequency. Figure 2(c) shows the plot of 1/Z" versus distance. The linear relationship from several micrometers down to hundreds of nanometers shows that the normal damping is well described by the viscous drainage force and the viscosity remains constant at its bulk value over this whole confinement range. We infer from the slope a viscosity η ≈ 96 mPa.s in excellent agreement with the tabulated value of 100 mPa.s. For confinement below hundreds of nanometers, we observe a systematic deviation from the drainage dissipative response along with a stiffness increase that we attribute to elastohydrodynamic effects as previously observed in dynamic SFA [8] with smaller frequencies. In the elastohydrodynamic framework, under a critical confinement distance, part of the liquid is clamped by its viscosity and the mechanical response becomes dominated by the surface deflection [16, 17] then giving access to the surface mechanical properties [18] without contact. Our results present a good qualitative agreement with the elastohydrodynamic model. This device enables simultaneous measurement of the bulk rheological properties and the tribological response of the system. Along with the normal drainage response, figure 2(d) presents the tangential impedance Z * T of the system as a function of separation distance. Far from the substrate, we observe no significant tangential response. For small oscillation amplitudes, the associated shear rateγ = a T 2πf 0T D remains small and the associated shear viscous force is negligible. Then a sharp increase of the tangential stiffness and dissipation is observed when the confinement surfaces come into direct contact. Therefore we use this hard contact frictional response in order to define the absolute position of the probe-substrate contact. In practice, during a spectroscopy experiment, the displacement of the substrate relatively to the probe is varied by applying a voltage drop to the piezoscanner. The high stiffness of the whole setup ensures that the piezoscanner expansion corresponds directly to the separation distance decrease. Then, after the approach-retract experiment is performed, the position of the zero separation distance is defined by translation in order to match the one inferred from the frictional response. We observe that the tangential stiffness dominates the mechanical response for such small shear amplitude a T = 500 pm which is reminiscent of hard solid contact. For higher shear rate, one can expect lubricated contact to drive the friction response of the system. To emphasize the various capabilites of the apparatus, we present measurement of near-contact surface forces in addition to the long-range nanorheological measurements presented above. Figure 3 shows the conservative and dissipative mechanical impedance measured over a D ≈ 8 nm gap across an ionic liquid (Bmim PF6, Sigma Aldrich) confined between the glass bead and a flat mica surface. Progressive peaks in both the conservative and dissipative response with a periodicity between 0.5 − 1 nm are measured as the distance decreases, indicative of a structural force in which layers are progressively squeezed out from the contact zone. We note that this periodicity is in good agreement with the ionic liquid typical molecular size of l ≈ 0.7 nm [19] . Over a representative sample of 10 separate force measurements, we observe an average of 7 peaks.
Surface forces and interfacial layering
Clear correlations between the conservative and dissipative forces are observed. The peaks in the dissipative force occur about 2 − 3Å after (i.e., at a smaller distance than) the correlated peak in the conservative force. This corresponds to the stiffness (conservative force) increasing during the compression of a layer, followed by a sharp decrease in the stiffness when the layer is finally squeezed out. The dissipative force, on the other hand, reaches its peak just after the layer begins to be squeezed out, corresponding to a maximum in the layer viscosity, and then drops during the squeeze out, as the layer viscosity decreases. The choice for the oscillation amplitude a = 0.2 nm results from an interplay between reducing the noise on the force signal by increasing the amplitude and keeping it smaller than the physical features of the system at stake, here l ≈ 0.7 nm. The oscillatory force profile is suppressed when the oscillation amplitude of the tuning fork is increased to 0.5 nm, indicating that the layering is disrupted when the amplitude of the tuning fork oscillation approaches the size of the molecular layers.
These measurements are reminiscent of structural forces measured by SFA and AFM, which have been shown to exhibit similar oscillatory behaviors in ionic liquid systems [20, 21, 22, 23, 24] . Both the onset distance (D ≈ 7 nm) and number of observed layers (≈ 7) correspond closely with previous SFA measurements on the same ionic liquid [23] . Most previous measurements were done in a symmetric mica-mica surface configuration. The consistency between the present measurements in the asymmetric glass-mica configuration and the previous measurements indicate that the liquid structure adjacent to the glass surface is not significantly different compared to the mica surface, likely since both glass and mica are anionic surfaces [23] . Therefore, this macro tuning-fork based system allows measurement of structural layering forces while providing simultaneous insight into the dissipative viscous forces operative during layering transitions.
Conclusion
In summary, we observe that our MicroMegascope based dynamic Surface Force Apparatus is capable of measuring the micrometer-range rheological response as well as the surface forces down to molecular confinement. Probing both the normal and tangential mechanical impedance gives access to the rheological and tribological properties of the confined liquid. The apparatus is able to reveal with unprecedented ease the effect of imposed shear on the rheology of nanoconfined complex fluids in a similar spirit to previous AFM experiments [25] with small nanometric probes. Furthermore, it is a system of choice to study the elastohydrodynamic lift force resulting from a shear velocity and mediated by the surface deformation close to contact [26, 27] . Our apparatus is well suited for the study of tribological phenomena. In fact, nowadays there is an increasing appeal to bridge the AFM nanoscale friction experiments to the macroscopic multi-asperities friction measurements. Recently, Garabedian et al. [28] developped a new method to use conventional AFM cantilever to perform high force measurement with colloidal probe. The high sensitivity along with the high stiffness of our apparatus enable to measure forces from the nanoscale up to the macroscale with relative easiness.
The confinement distance is directly imposed, thus removing the need of a technically demanding distance measurement setup. Such simplification enables versatility, for example, facile use of the apparatus under vacuum, and allows a wide variety of surfaces and liquids to be examined. The use of metallic surfaces would enable studying the effects of electrostatic interactions on the rheological and tribological properties of confined liquids [3, 29] .
